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FOREWORD

The material in this report was the subject of a presentation made to
the Explosive Safety Seminar on High Energy Propellants at Redstone Arsenal,
Huntsville, Alabama on 12-14 July 1960.



ABSTRACT

Relationships are outlined which permit the calculation of safe distances for
prevention of propagation of detonation due to fragment impact between adjacent,
potentially mass-detonating systems, for any assumed degree of risk and degree
of acceptor shielding. These relationships permit prediction of probability of
propagation in an existing situation, as well as calculation of necessary changes
in acceptor shielding and/or separation distances for any other degree of toler-
able risk. All that is necessary to develop the specific relationship for a given
situation is knowledge of properties of the explosives involved and geometries of
the explosive systems. A simple method for graphically representing the rela-
tionships is presented.



SAFE DISTANCES AND SHIELDING FOR PREVENTION OF
PROPAGATION OF DETONATION BY FRAGMENT IMPACT

At last year's Explosives Safety Seminar, conducted at the Naval Propellant
Plant, a paper was presented outlining the various phases of Picatinny Arsenal's
Safety Design Criteria program. This work dealt with a consideration of pro-
pagation of detonation by blast effects and by fragment effects. It was possible
on the basis of experimental and accidental data amassed over the years to
establish a distance beyond which propagation would not occur, assuming no
effective missiles were produced by the donor explosion. It was also possible,
on the basis of a good deal of experimental work done in Great Britain and in
this country, to establish a basis on which we could calculate the gross mass-
detonability characteristics of explosive systems (i. e. the possibility of mass
detonation due to fragment impact occurring in cases of adjacent explosive
systems made up of explosive-containing items). In the large majority of the
actual cases calculated, predictions as to mass -detonability coincided with
recommendations for handling given in the Ordnance Safety Manual, these
recommendations being based on experience or incidents which have occurred
in manufacturing or loading plants, and storage depots.

Up to this point the studies relating to detonation by fragment impact were
concerned primarily with development of what may be thought of as an initial
screening procedure for determining whether or not a possibility of propaga-
tion of explosion due to fragment impact exists. For this purpose the severest
conditions were assumed, e. g. no consideration was given to the effects of
distance of separation between the acceptor and donor not to shielding other than
that which the acceptor supplies by virtue of its own minimum casing thickness.
Since the general relationships involved were outlined in some detail at the last
Safety Seminar, I will review them only briefly at this time.

(Figure 1)

Equation 1 permits us to calculate the initial velocity of fragments as a
function of explosive output and charge to casing weight ratio.

Equation 2 gives us the number of fragments larger than mass (m) as a
function of (m), donor casing weight, thickness and inside diameter, and an
explosive constant (B).

Equation 2a gives us the mass of the largest fragment produced by the
donor detonation as a function of donor casing weight, thickness and inside
diameter, and explosive constant.
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Equation 3 gives us the boundary velocity, or striking velocity below which no
detonation in the acceptor will occur, as a function of acceptor casing thickness,
fragment mass and acceptor explosive sensitivity constant (Kf).

Finally equation 3a gives us the minimum boundary velocity required for detona-
tion of given acceptor by fragment from a given donor as a function of explosive
sensitivity constant (Kf), acceptor casing thickness and the mass of the largest
fragment produced by the explosion of a given donor.

The ratio of Vo/Vbmin (Figure 1) serves as a criterion for predicting the

gross mass detonability characteristics of explosive systems. If this ratio is
smaller than 1, then the detonation by fragment impact will not occur. On the
other hand if this ratio of initial velocity to boundary velocity is equal to or
larger than 1, then there is a possibility of detonation by fragment impact.

It is the intent of this presentation to go further into a primary objective of
our studies, which is to develop relationships to permit the calculation of safe
distances in terms of probability of high order detonation occurrence or risk of
propagation of detonation by fragment impact at these distances. Having calcu-
lated such probability factors (e. g. striking probability of fragments) we could
then establish design distances depending on the degree of risk, if any, that can
be tolerated, as well as acceptor casing and/or supplementary shielding.

For the sake of simplicity and convenience of graphical representation of these
relationships was set up, which is shown schematically on the next series of
figures.

The plot presented on Figure 2 is based on equation 4. It relates fragment
striking velocity (V,) with fragment mass (m) at any distance from the detonation
source (d) (constant distance lines - dm being limiting distance at which detona-
tion will occur). Each plot is made for a single value of initial velocity of donor
fragments (Vo). A series of plots like the one presented on Figure 2 can be
prepared for different values of (Vo). The constant (k) is a function of the pre-
sented area to fragment mass ratio, density of air, and air drag coefficient.

Although it was found experimentally that the (k) value is somewhat higher
for thin cased items than for heavier cased ones (the difference being about
20%) (Ref 1), the variations within each one of these general categories are
comparatively small (Ref 2).

While Figure 2 indicates the velocity of the fragments at any particular dis-
tance from the donor, Figure 3 is a schematic representation of equation 3 which
tells us what minimum velocity a fragment must have in order to detonate a given
acceptor separated from the donor by that distance.
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This plot relates the boundary velocity (minimum striking velocity at which a
high order detonation will occur) with fragment mass (m) and acceptor casing thick-
ness (ta) and/or thickness of shielding in front of acceptor charge.

The graph is plotted for a single explosive sensitivity (expressed in terms of
the sensitivity constant (Kf), discussed previously).

When we combine the plots from Figures 2 & 3 as shown on Figure 4 we obtain
useful relationships. Figure 4 relates striking velocity (or boundary velocity) of
a fragment with fragment mass at various distances (d) and acceptor casing thick-
ness (ta). If we now equate the boundary velocity of a fragment to its striking
velocity, it becomes possible to find the minimum effective mass of a fragment
produced by the donor explosive that will cause a high order detonation in the
acceptor charge at any distance from the donor (d) and/or shielding of the acceptor
(t). Therefore, according to equation 2 we can calculate the number of such effec-
tive fragments produced at any distance from the donor charge.

It is of interest to note the limiting case which is shown by equation 4a on
Figure 4. This indicates the maximum distance (dm) at which propagation by
fragment impact can occur for a given donor - acceptor situation. This is the
distance at which the largest fragment (mmax) produced by the donor strikes the
acceptor at the minimum velocity (Vbmin) required for detonation. It should be

noted further that in terms of probability of acceptor detonation this is a bound-
ary situation representing minimum probability of acceptor detonation occurrence,
i. e. maximum distance, minimum boundary velocity, and minimum number of
effective fragments (the single largest donor fragment). At greater distances
and/or lower velocities, the probability of acceptor detonation is therefore pre -
sumed to be zero.

We can now consider the general case of reducing design distances from the
limiting distance value (as expressed by equation 4a) and/or shielding thickness
by accepting a certain risk or probability of the possibility of high order detona-
tion occurrence. The probable number of effective hits (i. e. hits which upon
striking the acceptor charge will cause high order detonation) by impacting frag-
ments may be expressed by equations 5 and 5a, .Figure (Ref 3). It is seen from
this equation, the probability per unit area is dependent upon the number of ef-
fective fragments (Nx) (obtained from equation 2 previously discussed) and the
distance between the donor and acceptor charges. Included in the equation is a
constant (g), which depends on the spacial angular distribution of fragments.
For most of our purposes a single value of (g) may be used without serious error.
The plot shown on Figure 5 relates the distance between the donor and acceptor
charges (d), shielding (t), and probability per unit area (P/A) of high order
detonation occurrence for a single explosive system. A zero probability curve
(Eo) indicates a relationship between the distance (d) and shielding (t) beyond
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which no high order detonation is possible. This line represents the limiting case
mentioned earlier.

The higher the probability level that could be tolerated, the lower the distance-
shielding combination necessary. This relationship permits us, with a fairly
reasonable degree of accuracy, to predict the necessary separation and/or shielding
between two explosive systems at any degree of probability of high order detonation
occurrence. To compose such a relationship (as presented on Figure 5) all that
would be necessary is knowledge of the geometry of the system and the previously
discussed explosive properties relating to sensitivity and output.

The relationships which have been outlined permit one to predict the potential
propagation characteristics of explosive systems, as well as to establish a design
basis for prevention of propagation. A detailed presentation of the relationshilp
involved and the calculation procedure, as well as illustrative examples are con-
tained in a forthcoming technical report (Ref 4).
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Vo f (E'))/C)_ ... () Vb-f (Kf)(t)(m) . .... (3)

Va initial fragment velocity Vb , boundary velocity or frogment

E' explosive output constant striking velocity of mass,m,
below which high order detono-

E.'t explosives /casing weight ratio tion of the acceptor will not occur.

Nx f (B)(C)(td)(di)(m)- ..... (2) Kf explosive sensltlvly constant

to- acceptor casing thickness
Nx1 number of fragments greater than

moss ( m) Vb=f (Kf)(to)(mmx) _(30)
m a mass of fragment produced by mrin f

donor detonation
Vbmin ,minimum boundary velocity

e x clostant depending on donor required for detonation ofgiven acceptor by fragment

C , donor casing weiglh from fiven donor.
td , donor casing thickness

di - inside diameter of donor casing

mmax =f (8)(C)(td)(dl) --------- (2o)

mmax 1 man of largest fragment produced by donor detonation.

CRITERION FOR POSS3BILITY OF DETONATION BY FRAGMEN IMPACT

IF V0 K I: detonation by fragment impact W t occur.
Vb rmin

IF .- > I: posibility Of' detu0fion by fragment inpocet ellts.
b n

Figure 1. Schematic Representation of Donor-Acceptor Relationships Governing
Propagation by Fragment Impact.
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06) constant d I d 3 .;d > d

d2
VS

d3

d af (k XV0/V)(m) - (4)

d a distance fmm the donor charge.
ft 2 constant depending on fragmnent size, shape, air denuity and

drag coeff icient.

Via striking velocity of fragment at a distance. d

Figure 2. Striking Velocity of a Fragment as a Function at Fragment Mass and Distance
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Figure 3. Boundary Velocity of a Fragment as a Function of Fragment Mass and
Acceptor Shielding.
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WHERE d. a maximum distance fomI given donor chorge at
which datonotin of given acceptor i possible.

Figure 4. Minimum Effective Fragment Mass and Corresponding Velocity as a Function

of Distance and Shielding.
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P/A - f (N)(dq)()-------5
E af(P)---------(a

WAs PobI nunrb of effeamov hil, per uni area.
(N)- Total ,umber of ellective fmginens.

(G) - Faor gowvenn the distrIbutin of fupleets.
(D) a Distance betwee eonor and acceptor charge.
(E) a A f~iity of high order defanation, occurrene in

the a0ccetor.

Figure 5. Probability of Detonation occurrence as a Function of Distance and Shielding.
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Relationships
Relationships are outlined which permit Saffian, L. W.
the calculation of safe distances for
prevention of propagation of detonation
due to fragment impact between adjacent,
potentially mass-detonating systems, for
any assumed degree of risk and degree
of acceptor shielding. These relation-
ships permit prediction of probability
of propagation in an existing situation,
as well as calculation of necessary
changes in acceptor shielding or separa-
tion distances for any other degree of
tolerable risk.

All that is necessary to develop the
specific relationship for a given situation
is knowledge of properties of the explo-
sives involved and geometries of the
explosive systems.

A simple method for graphically repre-
senting the relationships is presented.
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